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Detection of adenovirus DNA in human tonsillar T cells in the absence of active virus replication suggests
that T cells may be a site of latency or of attenuated virus replication in persistently infected individuals. The
Iytic replication cycle of Ad5 in permissive epithelial cells (A549) was compared to the behavior of AdS in four
human T-cell lines, Jurkat, HuT78, CEM, and KE37. All four T-cell lines expressed the integrin coreceptors
for Ad2 and Ad5, but only Jurkat and HuT78 express detectable surface levels of the coxsackie adenovirus
receptor (CAR). Jurkat and HuT78 cells supported full lytic replication of Ad5, albeit at a level ~10% of that
of A549, while CAR-transduced CEM and KE37 cells (CEM-CARhAi and KE37-CARhi, respectively) produced
no detectable virus following infection. All four T-cell lines bind and internalize fluorescently labeled virus. In
A549, Jurkat, and HuT78 cells, viral proteins were detected in 95% of cells. In contrast, only a small
subpopulation of CEM-CARhi and KE37-CARAhi cells contained detectable viral proteins. Interestingly, Jurkat
and HuT?78 cells synthesize four to six times more copies of viral DNA per cell than did A549 cells, indicating
that these cells produce infectious virions with much lower efficiency than A549. Similarly, CEM-CARhi and
KE37-CARhi cells, which produce no detectable infectious virus, synthesize three times more viral genomes per
cell than A549. The observed blocks to adenovirus gene expression and replication in all four human T-cell
lines may contribute to the maintenance of naturally occurring persistent adenovirus infections in human T

cells.

Subgroup C adenoviruses are ubiquitous in the human pop-
ulation and cause an acute infection in the upper respiratory
tract that resolves within 7 to 10 days. In addition to acute
disease, the subgroup C adenoviruses also establish persistent
infections characterized by intermittent excretion from immu-
nocompetent hosts (22). Roughly half of primary infections are
followed by prolonged fecal shedding of virus months and even
years after virus is no longer detected in nasopharyngeal wash-
ings (21, 22). Restriction analysis of viruses isolated up to 4
years after initial infection suggested chronic persistent infec-
tion rather than reinfection with the same serotype (1). Early
studies suggested that the site of adenovirus persistence was
mucosal lymphoid tissues (17, 34). Group C adenovirus DNA
was detected in human tonsillar lymphocytes in the apparent
absence of virus production (57). Recent studies using cell
separation and sorting techniques to isolate lymphocyte pop-
ulations from tonsil and adenoid tissues have confirmed this
observation and revealed that adenovirus DNA was enriched
in T lymphocytes (23). While some replicating group C ade-
novirus could be detected in most tonsil and adenoid lympho-
cyte preparations, the vast majority of viral DNA present in
mucosal lymphocytes is not actively replicating at the time of
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surgical removal (C. T. Garnett, J. A. Mahr, and L. R. Good-
ing, unpublished data).

These studies suggest that the group C adenoviruses pro-
duce chronic or persistent infection of mucosal lymphocytes. In
support of this notion are several reports of established human
lymphocyte cell lines that sustain prolonged, noncytopathic
adenovirus infections. Infection of an Epstein-Barr virus
(EBV)-transformed culture of human umbilical cord blood
lymphocytes with group C adenoviruses results in virus pro-
duction for months in the absence of noticeable cytopathic
effect (3). Interestingly, subculture of these infected cells in
neutralizing antibody for extended periods of time failed to
cure the infection, hinting at an ability of adenovirus to estab-
lish a nonlytic persistent infection in human lymphocytes (3). A
lymphoblastoid cell line derived from a bone marrow trans-
plant recipient with adenovirus pneumonia was also reported
to support prolonged nonlytic virus replication (20). Both B-
and T-cell lines have been shown to grow while yielding infec-
tious virus for a period of several months (52 and our unpub-
lished observations). Additionally, a human monocyte line was
observed to support a persistent infection with low levels of
viral genome replication and virus production for up to a year
(14).

The ability of adenoviruses to establish a persistent infection
likely involves an atypical infection cycle in a cell type(s) that
can maintain the viral genome for a long period of time with-
out succumbing to virus-induced apoptosis of the infected cell.
The finding that human tonsillar T lymphocytes harbor ade-
novirus DNA, apparently in the absence of virus replication
(23), suggests that T cells may be a reservoir of persistent
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adenovirus infection. Therefore, this study was undertaken to
test the hypothesis that some T cells are capable of controlling
gene expression and/or replication of adenovirus. To this end,
infection was characterized in four human T-cell lines by eval-
uating virus receptor expression, infectious virus production,
binding and internalization of virus, kinetics of viral protein
expression, and viral genome replication.

MATERIALS AND METHODS

Cell lines. A549, Jurkat, HuT78, and CEM cell lines were purchased from the
American Type Culture Collection (ATCC). The KE37 cell line was obtained
from Periasamy Selveraj (Emory University). The packaging cell line BOSC23
(48) for retrovirus production was obtained from Joshy Jacob (Emory Univer-
sity). Jurkat, HuT78, CEM, and KE37 cells were grown in RPMI medium with
10% fetal calf serum (FCS) (HyClone, Logan, Utah) and 10 mM glutamine
(RPMI complete). A549 and BOSC23 cells were grown in Dulbecco’s modified
Eagle medium (DMEM) with 4.5 pg of glucose/ml, 10% FCS, and 10 mM
glutamine.

Human CAR was introduced into cells by transduction with the LXSN-hCAR
retrovirus obtained from James DeGregori (University of Colorado Health Sci-
ences) (39). Retroviruses were produced as described previously (41). Briefly, the
vector control LXSN or the LXSN-CAR plasmids were transfected into BOSC23
cells using FuGene6 transfection reagent (Roche) following the manufacturer’s
protocol. Two days posttransfection the retroviral-containing supernatants were
harvested and filtered with a 0.45-wm-pore-size syringe filter, and then polybrene
(Sigma) was added to a final concentration of 8 pg/ml. CEM and KE37 cells were
transduced with either retrovirus by adding 1 ml of the virus stock to 2 X 10° cells
in 2 ml of RPMI complete medium, and the mixture was centrifuged for 45 min
at 25°C and 500 X g. Transduced cells were selected by using G418 sulfate
(CellGro) 48 h posttransduction, and these cultures were maintained in G418 (1
mg/ml).

Adenoviruses. The Ad-CMV-GFP, Ad-RSV-GFP, and Ad-E1A-GFP viruses
(39) were obtained from James DeGregori. These replication-defective viruses
lack E1A, and expression of green fluorescent protein (GFP) is driven by the
cytomegalovirus (CMV), respiratory syncytial virus (RSV), or E1A promoters,
respectively. The wild-type rec700 adenovirus was obtained from William Wold
(St. Louis University). This type 5/2/5 recombinant adenovirus contains the Ad2
EcoRI-D fragment (62). In some experiments, the phenotypically wild-type virus
dI309 (36) was used instead of rec700. Virus was grown and purified as described
by Goodrum and Ornelles (24).

Fluorescently labeled adenovirus (Ad-568) was made by coupling Alexa Fluor
568 (Molecular Probes, Eugene, Oreg.) to rec700, using a method adapted from
a previously described protocol (26). A 0.1-ml aliquot of rec700 virus stock was
dialyzed against 100 ml of 0.1 M sodium bicarbonate (pH 8.2) at 4°C for 15 min
using Slide-A-Lyzer mini-dialysis units (Pierce), with three exchanges of buffer.
The Alexa Flour 568 dye was reconstituted per the manufacturer’s instructions,
and the dialyzed virus was mixed with 5,000-fold-molar-excess dye and incubated
with rocking for 1 h at 25°C. To block excess labeling, 1 M Tris (pH 8.0) was
added and the reaction mixture was incubated for 0.5 h at 25°C. Unincorporated
dye was removed by dialysis at 4°C for 15 min against 100 ml of virus storage
buffer, with four exchanges of buffer. To concentrate the virus stock a final
dialysis was done against virus storage buffer with 75% glycerol. Infectivity of the
labeled virus was tested on A549 cells and was observed to be unchanged relative
to unlabeled virus (data not shown).

Infection of cell lines. Lymphocyte cell lines were infected by washing cells in
serum-free (SF) RPMI and adjusting to a density of 107 cells/ml in SF RPMI.
Virus was added to the cell suspension at 30 PFU/cell (10 focus-forming units
[ffu]/cell) for recombinant GFP viruses (39). Following a 90-min incubation at
37°C, the cells were washed three times with RPMI complete medium using 1 ml
of solution/10° cells. Cells were then resuspended in RPMI complete medium at
a density of 10° cells/ml and were incubated for the indicated times before
harvesting. Cells were harvested by collecting 1 ml of culture and washing it in 1
ml of phosphate-buffered saline (PBS). The samples were then resuspended in 1
ml of PBS and divided into two aliquots for further analyses with the following
method. A 0.5-ml aligot was centrifuged, and the cell pellet was stored at —20°C
and used for quantifying adenovirus DNA by real time PCR. Another 0.5 ml was
fixed with 1% formaldehyde, stored at 4°C, and used for intracellular staining for
viral proteins. Cells infected with GFP recombinant viruses were washed, resus-
pended in PBS with 1% FCS, and analyzed by flow cytometry for GFP expression
as described below.
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Adherent A549 cells (10°) were plated onto duplicate 6-well plates and al-
lowed to adhere for 12 to 16 h. Monolayers were washed twice in SF DMEM, and
virus was added at 30 PFU/cell in 0.5 ml of SF DMEM and was incubated for 90
min at 37°C. Cells were washed three times with complete DMEM, and 3 ml was
added to each well. Infected cells were incubated for the indicated times before
harvesting. The cells were harvested by one washing with 2 ml of DMEM
complete and once with 2 ml of PBS. Cells on one duplicate well were harvested
with 0.25% trypsin in PBS, fixed in 1% formaldehyde, and stored at 4°C prior to
staining for intracellular viral proteins. One milliliter of DMEM was added to the
other well, and the cells were collected by scraping. The sample was divided into
two aliquots: 0.5 ml was centrifuged and the pellet was stored at —20°C and used
for quantitating viral DNA by real time PCR, and 0.5 ml was stored at —20°C and
used to measure infectious virus production by plaque assay.

Flow cytometry assays. Sources of antibodies used for flow cytometry assays
were as follows. The anti-CAR clone RmCB was obtained from James De
Gregori (39). The mouse antiadenovirus, specific for the hexon protein, was
purchased from Chemicon International (catalog no. MAB8051). The goat
F(ab’), anti-mouse-phycoerythrin (PE) was purchased from Southern Biotech-
nology Associates (catalog no. 1032-09). The anti-E1A hybridoma clones M1 and
M73 were obtained from Ed Harlow (29) and were used together at a 1:1
dilution. The isotype control immunoglobulin G1 antibody used in the intracel-
lular staining assay was purchased from Pharmingen (catalog no. 03171D). The
anti-integrin antibodies specific for oVB3 (catalog no. MABI1976F) or
avB5(catalog no. MAB1961H) were obtained from Chemicon International. The
anti-adenovirus penton monocloal antibody was clone 2Pb-1 (NIHC3) (10).

Intracellular staining for adenovirus proteins was performed essentially as
described by Weaver and Kadan (60). The primary antibodies used were anti-
adenovirus (10 pg/ml), anti-E1A (1:25 dilution), anti-DBP clone B6-8 (1:50
dilution) (25), anti-penton clone 2Pb-1 (1:25 dilution), or the immunoglobulin
G1 isotype control (10 pg/ml). Cells were analyzed on a FACS-Calibur fluores-
cence-activated cell sorter (FACS) flow cytometer (Becton Dickinson) with Cell
Quest software.

Surface staining for CAR expression was performed by incubating live cells
with an isotype control or the RmCB anti-CAR (1:20 dilution) (39) on ice for 30
min. After being washed, cells were incubated with goat F(ab’), anti-mouse-PE
(2.5 pg/ml) for 30 min on ice. Cells were washed and analyzed as described
above.

CARDbi cell lines were selected by staining the CEM and KE37 cells transduced
with LXSN-hCAR with RmCB as described above and were sorted into CAR-
high and CAR-low populations by using a MoFlo flow cytometer (Cytomation)
at the Yerkes Regional Primate Center. For CEM-CAR cells, the 12% of cells
expressing the highest level of surface CAR were collected, and post-sort analysis
showed them to be 97.6% positive for CAR expression. For the KE37-CAR cells,
the 47% of cells expressing the highest level of surface CAR were collected, and
post-sort analysis showed these were 98.4% positive for CAR expression.

Quantitation of viral genomes. Quantitative real-time PCR was performed as
described previously with primers specific to the hexon gene (23). DNA was
extracted from samples of equal volume collected from cultures of infected cells
as described above. Each sample represents 0.5 X 10° or 10° cells for A549 and
all T-cell lines, respectively. Analyses were done in triplicate and are reported as
the average values with standard errors.

Infection with Ad-568. Lymphocytes were washed with SF RPMI, adjusted to
107 cells per ml in SF RPMI medium, and infected with 30 PFU of Ad-568 per
cell as determined by titer on A549 cells. The concentrated cells and virus were
maintained on ice for 60 min with periodic agitation. Samples analyzed at 0 h
postinfection (p.i.) (the end of the 60-min incubation on ice) were immediately
transferred to ice-cold PBS with 0.1% sodium azide. For all other time points,
the infected cells were collected by centrifugation at 200 X g for 5 min at room
temperature, suspended in normal growth medium at 10° cells per ml, and
maintained at 37°C. At the indicated times, a portion of the infected cells was
removed, collected by centrifugation, and suspended in ice-cold PBS with 0.1%
sodium azide.

Sample processing and fluorescence microscopy. Approximately 5 X 10* lym-
phocytes in PBS with sodium azide were collected by centrifugation, washed with
ice-cold PBS, and suspended in 0.02 ml of PBS. The cells were allowed to attach
to a polylysine-coated glass slide in a humidified chamber for 10 min at room
temperature. Excess liquid was removed, and the cells were fixed in place by
adding an excess of freshly prepared 4% formaldehyde in PBS. The cells were
allowed to fix for 15 min at room temperature before the fixative was removed.
The attached and fixed cells were rinsed first with PBS, next with Tris-buffered
saline (pH 7.8) containing 0.05% Tween 20, 5 mg of glycine, and 5 mg of bovine
serum albumin per ml, and then again with PBS for 2 to 5 min for each rinse.
Excess liquid was drained from the slide, and a coverslip was mounted by using
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a polyvinyl alcohol-based mounting medium containing the fluorescent DNA dye
4’ ,6-diamidino-2-phenylindole (DAPI) at 0.1 pg per ml. By comparing the num-
ber of cells placed on the slide before fixation with the number that remained
after mounting, few, if any, cells that made contact with the glass slide were lost
during processing.

Fluorescent samples were analyzed by epifluorescence and differential inter-
ference microscopy with a Nikon TE300 inverted microscope fitted with filters
appropriate for DAPI and Alexa Fluor 568 excitation. Images were acquired as
12-bit TIF images with a monochrome Retiga EX 1350 digital camera (QImaging
Corp., Burnaby, British Columbia, Canada) using a 20X/0.45 numeric aperture
CFI Plan Fluor ELWD and a 100X/1.4 numeric aperture CFI Plan APO oil
immersion objective. Micrographs were generated from the TIF images by using
Photoshop 5.5 (Adobe Systems Inc., San Jose, Calif.) to adjust brightness and
contrast in a uniform manner for each cell type. The figures were assembled with
the use of Canvas 5.0 (Deneba, Miami, Fla.).

Quantitative fluorescence microscopy. Low-magnification images of 20 to 300
cells from at least eight randomly selected fields were collected with the 20X
objective. This objective provided sufficient depth of focus to ensure that all
emitted light was in the plane of focus. The exposure time (0.2 to 4 s) was
adjusted for each preparation to avoid saturation, thus insuring linearity between
fluorescence intensity and the recorded signal. The mean fluorescence intensity
over background was measured for each cell by using ImagelJ, version 1.29
(http://rsb.info.nih.gov/ij/; Wayne Rasband, National Institutes of Health), oper-
ating on a Macintosh microcomputer. Typical background values ranged from
0.8 to 8.5 (of 4,096 possible) arbitrary units per pixel. The strongest fluorescent
signals recorded registered as approximately 2,880 U in a single pixel. The area
of each cell varied between 1,000 to 2,200 pixels. The maximum mean fluorescent
value over background measured for all cells was approximate 330 U per pixel.
In some experiments the phosphatidylinositol 3 (PI3)-kinase inhibitor LY294002
(Cell Signaling Technologies, Beverly, Mass.) was added to a concentration of 50
M 5 min prior to infection and was maintained at this concentration throughout
the time course to inhibit virus internalization (59).

Laser-scanning confocal microscopy. The three-dimensional distribution of
Ad-568 in infected lymphocytes was determined by confocal microscopy with a
Zeiss LSM 510 (Carl Zeiss, Inc., Thornwood, N.Y.) confocal laser scanning
device fitted to a Zeiss Axioplan 2 microscope with a 60X/1.4 numeric aperture
oil immersion objective. The Alexa Fluor 568 dye was excited by helium-neon
laser illumination. Successive serial images approximately 0.5 wm in depth with
approximately 0.1 wm of overlap spanning the depth of representative cells were
collected as 8-bit TIF files. The brightness and contrast of each stack of images
was separately adjusted by using the LSM 510 software. Fifteen sequential
sections (to encompass the entire cell) were presented in gallery fashion.

Southern blot analysis of viral DNA. Lymphocyte cell lines were infected with
dl1309 as described above. One milliliter of infected cells, representing 10° cells
at the time of infection, was harvested immediately after the infection (day 0) and
every 24 h thereafter for days 1, 2, and 3. Total DNA was isolated from the
harvested cells by washing the cells twice with PBS before treating them with 0.2
mg of proteinase K per ml in 0.2 M Tris (pH 8.0), 50 mM EDTA, 0.5% sodium
dodecyl sulfate in a volume of 0.2 ml. After 3 to 8 h at 60°C, the nucleic acid was
recovered by phenol extraction and ethanol precipitation.

DNA obtained from 4 X 10° cells at the time of infection was cleaved to
completion with the restriction enzyme HindIII and separated by electrophoresis
through 0.7% agarose in Tris-borate buffer at 1.5 V per cm. The DNA was
transferred to a nylon support (Nytran N; Schleicher and Schuell, Keene, N.H.)
by alkaline capillary transfer. Adenovirus DNA was detected by hybridization to
a radioactive probe (15) generated by random primer extension of genomic d/309
DNA in the presence of [a-*?P]dATP (19). The viral DNA was visualized and
quantified by phosphorescence imaging (ImageQuant; Molecular Dynamics,
Sunnyvale, Calif.). The exposure for the blot was adjusted to represent the full
range of the signal, requiring approximately five times the sensitivity for the
CEM-CARhi and KE37-CARAhi cell lines as for the HuT78 and Jurkat cell lines.

RESULTS

Adenovirus receptor and coreceptor expression on human
T-cell lines. Susceptibility to infection of human T cells was
analyzed by using four T-cell lines: Jurkat, HuT78, CEM, and
KE37. Jurkat, CEM, and KE37 were isolated from the periph-
eral blood of patients with acute lymphoblastic leukemia (50,
58). HuT78 was derived from a patient with Sezary Syndrome
(9). Infection with human group C adenoviruses is dependent
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FIG. 1. Surface expression of adenovirus CAR receptor and inte-
grin coreceptors. Cells were stained with antibody specific for CAR
(solid lines) or with an isotype control antibody (dashed lines), incu-
bated with goat anti-mouse F(ab’),-PE, and analyzed by using a FACS
Calibur flow cytometer and CellQuest software. Integrin staining was
done by using directly conjugated antibodies as described in Materials
and Methods. FITC, fluorescein isothiocyanate.

upon cellular expression of the virus receptor and coreceptors
(reviewed in reference 47). Thus, T-cell lines were first ana-
lyzed for surface expression of these proteins. CAR mediates
the high-affinity interaction between the fiber capsid protein
and the host cell (7, 56). CAR expression on these lymphocyte
lines was measured by staining cells with anti-CAR antibody,
followed by flow cytometric analysis (Fig. 1). The fully permis-
sive A549 cell line expressed relatively high levels of surface
CAR, as did the Jurkat and HuT78 T cells. CAR expression on
CEM and KE37 cells was very low or absent.

The oV integrins, specifically VB3 and VRS, are corecep-
tors for adenoviruses and function to mediate virus internal-
ization in part by binding to the penton base on the virus capsid
(47, 61). Thus, the surface expression level of these integrins
may also contribute to infection permissivity. The levels of
these proteins on the T-cell lines were also measured by sur-
face staining and flow cytometry (Fig. 1). « VB3 was detected at
low levels on Jurkat and A549 cells and was absent on the
other cell lines. A549 cells expressed high levels of VRS, and
low but detectable levels of aVBS5 were found on HuT78,
CEM, and KE37.

Preliminary experiments revealed that CEM and KE37 cells
were not permissive to adenovirus infection (data not shown),
and the low levels of CAR on these cell lines likely contribute
to this state. In order to evaluate postinternalization events in
the virus life cycle among the T-cell lines, CAR levels were
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FIG. 2. CAR expression on transduced cells. CEM (A) and KE37
(C) cells were infected with either the control LXSN retrovirus (solid
lines) or the LXSN-hCAR retrovirus (dashed lines), grown in G418
selection, stained with anti-CAR, and analyzed by flow cytometry as
described in the legend to Fig. 1. Shaded peaks represent staining with
an isotype control antibody. CEM-CAR and KE37-CAR were sorted
to isolate cells with the highest levels of CAR. (B and D) Surface CAR
expression (dashed lines) 1 week post-sort on the CEM-CARhi and
KE37-CARhi cells, respectively. Solid lines represent staining with an
isotype control.

increased on CEM and KE37 cells by transducing the cells with
a retrovirus expressing human CAR (LXSN-hCAR) or the
empty vector control (LXSN) (39). Transduced CEM and
KE37 cells were selected in G418 and analyzed for surface
CAR expression (Fig. 2). Retroviral transduction and G418
selection produced cells that were heterogeneous for CAR
expression, with 28% of CEM (Fig. 2A) and 59% of KE37 (Fig.
2C) cells expressing CAR. Transduction with the control vec-
tor, LXSN, had no effect on CAR expression. CAR-expressing
cells were further selected by staining cells with anti-CAR and
sorting them into CAR-high and CAR-low subsets. The cells
expressing high levels of CAR were retained, and the postsort
CAR expression of the CEM-CARhi and KE37-CARAhi cells is
shown in Fig. 2B and D, respectively. The high levels of CAR
expression were stable for months in culture in the presence of
G418 (data not shown). These CARAhi cells were used for most
subsequent analyses.

Quantitation of virus production. In a fully permissive cell,
thousands of infectious progeny adenovirus virions are re-
leased when the infected cell dies. Thus, the definition of
complete permissivity is the ability to produce high levels of
infectious virus as quantified by plaque assay. To measure
permissivity of human T-cell lines to adenovirus infection, cells
were infected with a wild-type adenovirus (rec700) at 30 PFU/
cell. Cultures were harvested at 90 min and 4 days p.i. At 90
min, the end of incubation with virus, cells were washed to
remove unbound virus and were returned to culture. An ali-
quot of washed cells was taken at the 90-min time point to
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TABLE 1. Virus production by cell lines infected with
wild-type adenovirus®

Virus yield (PFU per cell)

Cell line

90 min p.i. 2 days p.i. 4 days p.i.
Jurkat 1.0+04 628 + 458
HuT78 1.2+04 176 = 82.8
CEM-CARhi 153+23 36.5 3.7
KE37-CARhi 40.4 = 14.0 18.6 £ 1.0
CEM-LXSN 0.06 = 0.03 0.4 = 0.07
KE37-LXSN 0.1 = 0.04 0.06 = 0.02
A549 1.1+£05 7,300 = 5,602

“ At the indicated times p.i., aliquots from cell cultures infected as described
in Materials and Methods were collected and analyzed by plaque assay on A549
cells. Values reported are the averages and standard errors of four measure-
ments.

determine the amount of infectious input virus remaining as-
sociated with cells prior to virus replication. Freeze/thaw ly-
sates were prepared, and infectious virus was determined by
plaque assay. The 4-day time point was chosen on the basis of
preliminary experiments indicating that in Jurkat and HUT78
this was the earliest point at which maximal virus production
could be detected and at which most cells were dead. This is in
contrast to permissive A549 cells, in which all cells are dead by
2 days p.i. At day 4, both supernatant and cell pellets were
collected and subjected to two rounds of freeze/thaw to release
any cell-associated virus. Infectious virus was measured by
plaque assay, and the results are reported as PFU per cell in
Table 1. In A549 cells virtually no infectious virus was detected
immediately following infection (90 min), which increased to
approximately 7,300 PFU/cell by 2 days. Similarly, little or no
infectious virus was detected in the Jurkat and HuT78 cultures
at 90 min p.i., indicating that any virus associated with these
cells is no longer infectious. At 4 days p.i., several hundred
PFU of virus per cell were detected in HuT78 and Jurkat
samples, indicating that these cells supported the full replica-
tion cycle of the virus, albeit quantitatively less effectively than
A549 cells. CEM and KE37 cells that lack the CAR receptor
contained no infectious virus at either time point, indicating, as
expected, that little or no virus bound to or entered the cells.
Surprisingly, however, even introduction of high levels of CAR
into these cells was insufficient to permit virus production from
either CEM-CARhi or KE37-CARhi. Infectious virus re-
mained associated with both cell lines at 90 min p.i., at levels
indistinguishable from that of input virus (30 PFU/cell). This
suggests that in these cells, virus binding to the surface is not
immediately followed by virus internalization, which would
cause loss of infectivity (27). At 4 days p.i., infectious virus
associated with CEM-CARhi and KE37-CARhi remained at
roughly the same level, suggesting that either input virus re-
mained cell associated and infectious or that the level of virus
replication in these cells was only sufficient to reproduce the
quantities of input virus.

The virus production data suggest that Jurkat and HuT78
are capable of replicating live virus while CEM-CARhi and
KE37-CARhi are not. To rule out the possibility that this
difference is due to defects in the retrovirally expressed CAR,
its function was evaluated in the EL4 mouse T-lymphoma cell
line. EL4 cells cannot be infected with human adenoviruses as
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FIG. 3. Time course of Ad-568 fluorescence following infection.
The indicated cells were infected with 30 PFU of Ad-568 per cell for
1 h on ice and then were returned to normal growth conditions. At
each time point indicated a portion of the infected cells was processed
for quantitative fluorescent microscopy as described in Materials and
Methods. The mean fluorescence intensity, representing the amount of
Ad-568 per cell, was determined for each of 20 to 300 cells. The data
are expressed as average values * standard errors of the means.

measured by GFP expression from recombinant vectors; how-
ever, retroviral expression of human CAR allows these cells to
be infected (39). We reproduced this observation with an Ad-
CMV-GFP adenovirus to show that retrovirally expressed
CAR confers sensitivity to infection to the EL4 cell line (data
not shown). This assay confirmed the biological activity of the
retroviral CAR construct used in these studies. Thus, the CAR
expressed by the LXSN retrovirus functioned to convert a cell
that cannot be infected to a cell that can be. Therefore, the
block to infection in the CEM and KE37 cell lines probably
occurs at a postattachment step in the lytic cycle.

Another possibility is that CEM and KE37 cells lack suffi-
cient levels of the integrin coreceptor to permit virus internal-
ization. However, direct staining revealed similar levels of
aVPBS5 integrin on KE37, CEM, and permissive HuT78 cells
(Fig. 1). Furthermore, levels of integrins too low to be detected
by FACS are sufficient to facilitate virus entry into mouse EL4
cells (39).

Virion binding and uptake by human T cells. To determine
what fraction of cells in the T-cell populations actually bind
adenovirus, virus localization on these cells was examined by
using purified adenovirus labeled with the fluorescent dye Al-
exa 568 (Ad-568) and fluorescence microscopy. For these ex-
periments, virus was bound to the cells on ice and then un-
bound virus was removed by washing, and membrane
movement was stopped with sodium azide and fixation with
formaldehyde prior to microscopy. By visual analysis at low
magnification following incubation with virus on ice, 95 to
100% of cells from each of the T-cell lines bound detectable
virus (data not shown). Higher magnification revealed that
immediately following infection individual virions were de-
tected in a diffuse pattern on the cell surface in each of the four
cell lines. At 24 h p.i., clusters of virus were apparent on the
cell lines rather than the uniform punctate pattern that was
observed at the earlier time points. Also, at later time points
the intensity of fluorescence appeared to decrease as individual
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FIG. 4. Inhibition of internalization blocks time-dependent loss of
Ad-568 fluorescence. CEM-CARhi (A) or KE37-CARhi (B) cells were
treated with a 50 wM concentration of the PI3 kinase inhibitor
LY294002 or vehicle (dimethyl sulfoxide) as a control for 5 min.
Drug-treated cells (filled circles) were kept in the presence of the
inhibitor throughout the duration of the experiment. The cells were
infected with 30 PFU of Ad-568 per cell for 1 h on ice and then were
returned to normal growth conditions. At each time point indicated a
portion of the infected cells was processed for quantitative fluorescent
microscopy as described in Materials and Methods, and the mean
fluorescence intensity (MFI) per cell was determined for each of 40 to
300 cells. The data are expressed as average values = standard errors
of the means.

virions are dismantled and their component proteins are de-
graded (27).

Fluorescence intensity was quantified on infected cells at vari-
ous times p.i., and the results are shown in Fig. 3. The higher
initial levels of fluorescence on CEM-CARhi and KE37-CARhi
probably reflect increased virus binding due to the higher levels of
CAR on these cells relative to Jurkat and HuT78 (Fig. 1 and 2).
However, over the 40-h time course, the fluorescence signal is
seen to decrease on all four cell lines. This decrease in fluores-
cence could reflect either loss of virus by internalization and
degradation of the virion or loss of virus from the surface by
shedding. Binding of the virus to the integrin coreceptors activates
PI3 kinase signaling, which is necessary for virus internalization
(40). To determine whether the time-dependent loss of fluores-
cence was due to virus internalization, KE37-CARhi and CEM-
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FIG. 5. Internalized Ad-568 particles are detected in each lymphocytic cell line at 18 h p.i. The cell lines indicated on the left of each pair of
panels were infected with 30 PFU of Ad-568 and either were washed extensively and fixed (0 h p.i.) or were returned to normal growth conditions
for 18 h before being fixed and processed for confocal laser scanning microscopy. Fifteen successive serial images through the extent of a
representative cell is shown in each gallery. Sections marked with an asterisk contain fluorescent Ad-568 particles in the interior of the cell. Each

micrograph represents a field that is 18 to 20 wm wide.

CARDhi cells were infected with Ad-568 in the presence or ab-
sence of a PI3 kinase inhibitor, L'Y294002 (59), which specifically
inhibits kinase-dependent virus internalization. In both cell lines
loss of fluorescence was inhibited by 1.Y294002, indicating that
virus internalization is the primary cause of the decreased fluo-

rescence seen in these cell lines (Fig. 4). Further, the decrease in
fluorescence signal is similar among both permissive and nonper-
missive cell lines, suggesting that a block in virus binding and
internalization does not account for the differences in permissivity
observed among the T-cell lines.
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To confirm that virus internalization follows binding to the
surface of infected T cells, individual cells were analyzed by
confocal microscopy immediately after incubation with virus
and at 18 h p.i. (Fig. 5). Initially, Ad-568 was distributed uni-
formly about the surface of the infected T cell, as seen by the
rim-staining pattern and absence of fluorescence within the
cell. However, by 18 h p.i. the number of fluorescent particles
on the cell surface had diminished and intracellular particles
(marked by an asterisk in the figure panels) could readily be
detected, indicating that virus is being internalized.

Kinetics of adenovirus protein expression. The results de-
scribed above indicate that while all four human T-cell lines
are capable of binding and internalizing virus, only two of the
lines, Jurkat and HuT78, support a productive infection. To
explore further where the block in the infection cycle occurs,
intracellular staining for viral proteins and flow cytometric
analysis were used to detect early and late viral proteins in
infected cells as a function of time p.i. The immediate-early
E1A and the early DNA binding protein (DBP) as well as two
virion proteins produced late in infection, hexon and penton,
were measured at various times p.i. (Fig. 6). For comparison,
viral protein expression was measured in permissive A549 hu-
man epithelial cells. As shown in Fig. 6G, DBP and E1A were
detected at 6 h p.i. in A549 cells, while both late proteins were
first detected at 12 h p.i. The percentage of cells expressing
these proteins increased during the time course, with approx-
imately 90% of A549 cells expressing viral proteins at 24 h p.i.

The expression of viral proteins in the T-cell lines is shown
in Fig. 6A to F. Both early and late proteins were readily
detected in Jurkat and HuT78 cells, although the time course
was significantly delayed compared to that of A549. Early pro-
tein synthesis again preceded detection of late proteins, and
viral protein expression peaked at 72 h p.i., with 80 to 90% of
cells positive for viral protein expression (Fig. 6A and B). In
contrast, CEM-CARNi displayed a small percentage of cells
(<20%) expressing viral proteins, and viral protein expression
was detected in only 1 to 5% of KE37-CARMi cell lines (Fig. 6C
and D). These values were not greatly increased over those
measured in the CAR heterogeneous cell lines (Fig. 6E and F).
No viral protein expression was detected in the LXSN control
cell lines (data not shown). Thus, the increased expression of
CAR on the CARMi cell lines did not significantly overcome
the block to viral gene expression in these cells.

The failure of most CEM-CARhi and KE37-CARMi cells to
express detectable levels of either early or late viral proteins
could be due to selective inhibition of adenoviral promoters in
these cells. To test this possibility, T-cell lines were infected
with adenoviral vectors expressing GFP from heterologous
promoters, and GFP expression was monitored by flow cytom-
etry (Fig. 7). The majority of A549 and Jurkat cells express
GFP following infection with viruses that control GFP expres-
sion from CMV, RSV, or E1A promoters. In contrast, the
majority of CEM-CARhi and KE37-CARAhi cells fail to express
detectable levels of GFP under the same conditions. Thus, the
failure of adenoviral gene expression in these cells is not
unique to adenoviral promoters. Interestingly, comparing the
intensity of fluorescence in the GFP-positive cells, particularly
for the CMV promoter vector, all of the T-cell lines are com-
parably bright (Fig. 7B). This finding suggests that there is no
inherent difference in transcription levels among the three
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T-cell lines tested in the subset of cells in which transcription
is initiated.

Maintenance and replication of adenovirus DNA. The re-
duction or absence of viral protein production in CEM-CARhi
and KE37-CARMi cells indicated that expression of the viral
genome is regulated differently in these cells. To determine
whether or not the viral genome remained associated with
these cells during infection, the amount of viral DNA was
measured in all T-cell lines during infection by using real-time
PCR. Samples were collected from both the infected T cell and
AS549 cultures used for the analyses shown in Fig. 6, and the
viral genomes were quantified (Fig. 8). A549 cultures of 0.5 X
10° cells contained 1.2 X 107 copies of viral DNA per sample
at 90 min p.i. This number increased nearly 600-fold by 48 h p.i.
(Fig. 8A). This level of replication was consistent with the virus
production data shown in Table 1. Analysis of the T-cell lines
showed that 0.5 X 10° to 4 X 10° viral DNA copies were
associated with 0.5 X 10° cells at 90 min p.i., with the CARhi
cell lines having the highest amounts. The viral genome levels
in Jurkat and HuT78 cells increased by approximately 50-fold
over the 4-day time course, consistent with the observed ex-
pression of both early and late proteins (Fig. 6) and production
of infectious virus (Table 1). Interestingly, although the fold
replication of viral genomes in Jurkat and HuT78 was only
10% of that seen in A549 cells, overall the T-cell lines pro-
duced 4 to 6 times more DNA per cell than did A549. In
contrast, viral genomes in the CEM-CARhi and KE37-CARhi
cell lines replicated only 13- and 5.5-fold, respectively. In
CEM-CARAi cells, this low level of viral DNA replication may
occur in the small percentage of cells that expres viral proteins
(Fig. 6C). The amount of viral genome produced was similar in
CEM-CARhi and KE37-CARDMi cells, although relatively few
KE37-CARDhi cells express viral proteins compared to CEM-
CARhi cells (Fig. 6D). However, the high levels of bound
genomes at the beginning of the virus infectious cycle in CEM
and KE37 cells (Fig. 8C) masks the fact that, at the end of the
incubation period, both cell lines have produced roughly 3
times more viral DNA per cell than A549.

Similar conclusions were reached when viral DNA in the
infected T-cell lines was analyzed by Southern blotting. Total
DNA isolated from infected cells was digested to completion
with HindlIII, separated by electrophoresis, and analyzed by
Southern blotting using a radioactive probe derived from the
entire viral genome (Fig. 8D). Within each lane the intensity of
hybridization signal is proportional to the mass of the DNA
fragment, indicating that the restriction fragments of the viral
genome are represented in equimolar amounts. Note that the
signals at 5.5 and 2.9 kbp appear twice as intense, because the
signal is due to two restriction fragments that were not re-
solved under these conditions. Furthermore, the increase in
viral DNA over the 3-day time course for each cell line is in
good agreement with the measurements obtained by real-time
PCR. To the resolution afforded by Southern blotting, the
entire viral genome appeared to replicate over the course of
the infection in each of the T-cell lines.

DISCUSSION

Early investigations established that group C adenoviruses
form a long-lasting, asymptomatic infection in young children
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FIG. 7. Expression of GFP from isogenic adenoviral vectors in hu-
man T-cell lines. Cells were infected with recombinant adenoviruses
expressing GFP directed by either the E1A, CMV immediate-early, or
RSV promoters, and expression was measured by flow cytometry as
detailed in Materials and Methods. (A) Percentage of cells expressing
GFP. (B) Mean fluorescence intensity of the GFP-positive population
at 24 h p.i.

(21, 22). However, the cell type that harbors the virus and the
nature of this interaction, whether persistent or latent, are not
known. This laboratory recently reported that tonsillar T lym-
phocytes are a site of adenovirus persistence in naturally in-
fected people (23). Given previous research showing atypical
adenovirus infection patterns in lymphocyte cell lines, the
present study was undertaken to analyze more thoroughly ad-
enovirus infection of human T lymphocytes in vitro. Two pat-
terns of behavior were observed among the four T-cell lines
characterized. Both patterns diverge significantly from the lytic
replication cycle seen in epithelial cells. Two of the cell lines
(Jurkat and HuT78) were fully permissive for viral replication,
synthesizing readily detectable early and late viral proteins,
although on a per-cell basis they produce less than 10% of the
level of infectious virus seen in A549 cells. Nonetheless, Jurkat
and HuT78 synthesize four- to sixfold more adenoviral DNA
per cell than A549 cells do. The other two cell lines investi-
gated in this study (CEM-CARhi and KE37-CARMi) failed to
produce any detectable live virus despite the presence of viral
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DNA replication. Thus, although all four human T-cell lines
replicate viral DNA, they produce infectious virus either inef-
ficiently or not at all. While both CEM-CARhi and KE37-
CAR®hi cells internalize and uncoat incoming virus, unlike Ju-
rkat and HuT78 they produce little viral early or late proteins,
which would account for the failure to produce virion. In ad-
dition, robust viral genome replication was detected in the
CEM-CARhi and KE37-CARhi cell lines despite the fact that
the majority of these cells express no detectable E1A, DBP,
penton, or hexon. Assuming that 100% of the cells contribute
to viral genome replication, these cells produce almost three
times more viral DNA per cell at day 4 than do A549 at the end
of lytic replication. Alternatively, if viral DNA is replicating
only in the subset of cells in which viral proteins are detected,
then infected KE37-CARAhi cells would be making 50- to 130-
fold more viral DNA per cell than A549. In either case, these
high levels of genome replication in the comparative absence
of viral protein expression is quite unexpected, because prod-
ucts of the E2 transcription unit, including DBP, are required
for adenoviral DNA replication in epithelial cells (51). We are
aware of only one exception to the requirement for DBP func-
tion: four out of five EBV genome-positive lymphocyte cell
lines were shown to replicate the genome of a temperature-
sensitive DBP mutant adenovirus at the restrictive tempera-
ture (31). The authors suggested that some EBV function was
complementing the mutation in DBP, but they did not test
EBV-negative lymphocyte cell lines. Thus, the complementa-
tion could have been due to a cellular factor. It is possible that
CEM-CARhi and KE37-CARhi also contain this factor and
are able to complement the lack of DBP expression.

It is striking that while nearly all CEM-CARhi and KE37-
CARMhi cells were able to internalize virus, the majority of
these cells expressed no detectable viral proteins. One simple
explanation for this observation would be that the internalized
virus is being degraded rapidly in these two cell lines. This
possibility seems unlikely given the steady increase in viral
DNA levels associated with these cells during the 4-day time
course of infection. However, further experiments are needed
to determine the possible extent of viral DNA degradation in
these cells. As mentioned previously, it is possible that a small
percentage of cells are replicating the viral genome at such a
huge rate as to mask the degradation of the viral genome in the
majority of cells.

Adenovirus replicates in the nucleus. Therefore, the ques-
tion of whether the viral genome successfully enters the nuclei
of most CEM-CARhi and KE37-CARDMi cells is a very impor-
tant issue. There are some interesting reports of conditions
under which DNA viruses are internalized but do not transit to
the nucleus. Naranatt et al. showed that chemical inhibitors of
protein kinase C, MEK, or ERK kinases during human her-
pesvirus 8 infection of human foreskin fibroblasts inhibits tran-
sit of the viral genome to the nucleus but not internalization
into the cell (46). Adenovirus transit to the nucleus, but not
internalization, has been shown to require signaling through
protein kinase A and p38-mitogen-activated protein kinase
(54), and thus a deficiency in these pathways might result in
inefficient nuclear localization and could explain the failure of
the majority of CEM and KE37 to express adenoviral genes.
We are unaware of any studies which assess the integrity of
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either of these two kinase signaling pathways in either of these
cell lines.

Once inside the nucleus, it remains possible for viral ge-
nomes to remain inactive. Replication of several different
DNA viruses, including adenovirus, is known to start at specific
intranuclear domains called ND10 domains (or PML nuclear
bodies) (18, 33, 49). ND10s are interchromatinic regions de-
fined by the presence of several resident proteins. While the
functions of these proteins have yet to be elucidated, it is
interesting that several of them are upregulated by interferons,
and several groups have suggested that these domains function
in an antiviral manner (8, 12, 13). ND10s are dispersed during
Iytic infection with herpes simplex virus, EBV, HCMV, and
adenovirus (2, 5, 33). Very recently it has been shown that
latent EBV genomes are not associated with ND10s but are
instead found associated with cellular chromatin. Upon reac-
tivation of the EBV lytic cycle, these genomes become associ-
ated with ND10 (5). Thus, it could be that the adenovirus
genome does enter the nucleus of CEM and KE37 cells but is
not targeted to the correct location for the complete program
of viral gene expression.

In addition to the failure to localize at ND10s, other mech-
anisms that restrict virus gene expression and replication have
been described for DNA viruses that establish latent infec-
tions. At the simplest level, host transcriptional repressors have
been shown to bind to and repress transcription from key lytic
phase promoters of EBV (28, 37, 38, 44) and HCMV (4, 32,
53). Transcriptional repressors act by recruiting histone
deacetylases, which remove acetyl groups from specific lysine
residues in histones, thus generating higher order chromatin
structures which occlude positive-acting transcription factors.
In the case of both EBV and CMV, the viral genome is orga-
nized into chromatin by cellular histones, and the transition
from latent to lytic replication is associated with the acetylation
of histones covering key lytic phase promoters (35, 42, 45).
Although one early report suggested that the adenovirus ge-
nome in infected cells might be organized into nucleosomes by
cellular histones (16), others have shown that instead the ad-
enovirus core pVII protein organizes the genome into nucleo-
some-like structures (11). The effect of this organization on
viral transcription, and whether it is modulated similarly to
cellular chromatin, is unknown. Initial experiments with inhib-
itors of histone deacetylases using trichostatin A and/or cellu-
lar DNA methyltransferases using 5-azacytidine have not re-
sulted in increased viral gene expression in CEM-CARhi or
KE37-CARhi cells (data not shown).

The concept of active intracellular defense mechanisms that
restrict the replication of viruses has recently emerged. Human
immunodeficiency virus replication in certain T-cell lines is
prevented by cytosine deaminases, which cause C-to-U transi-
tions in the single-stranded cDNA intermediates during repli-
cation, leading to destruction of the viral genome or the accu-
mulation of fatal mutations (reviewed in reference 30). As
previously mentioned, some researchers have proposed that
one function of nuclear ND10 domains is antiviral in nature.
Lymphotoxin can reversibly restrict replication of HCMV in
human foreskin fibroblasts (6); interestingly, these researchers
showed that the restriction was caused by an induction of o/
interferon that required both lymphotoxin and HCMYV infec-
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tion. This implies that viruses are able to cooperate with host
cell signaling pathways in order to facilitate a latent state.
The recent observation that human mucosal T cells are a site
of adenovirus persistence (23), combined with the results re-
ported here, suggests that this cell type plays a critical role in
adenoviral persistence in young children. For a virus to suc-
cessfully maintain a latent infection cycle it must be quiescent
in a cell from which it can later reactivate. Lymphocytes are
ideal for hosting these cycles, because they are long lived and
undergo several phases of activation and differentiation punc-
tuated by periods of quiescence. In one of the most well-
studied examples of viral latency in lymphocytes, EBV infects
naive B cells and forces them to differentiate into long-lived
memory-type cells (43, 55). In these quiescent memory cells,
the virus expresses very few, if any, genes. Lytic EBV replica-
tion is later triggered in a subset of these cells by poorly
understood signals, resulting in viral recrudescence and spread
between individuals. Further characterization of adenovirus
infection in T lymphocytes may reveal a similar lifestyle for this
virus. Adenovirus acute and latent infection phases may by
regulated by tissue tropism. During an acute infection, the
virus may initially enter a T cell that maintains viral DNA and
suppresses gene expression. Activation of the cell may then
lead to initiation of viral transcription and DNA replication,
accounting for the episodic nature of virus shedding (21, 22).
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